INTRODUCTION
Efficient solar water splitting into usable hydrogen and oxygen by the photoelectrochemical approach has been considered to be a promising method for harnessing and storing solar energy. [1] [2] [3] To accomplish the process, different semiconductor materials have been developed as photocatalysts for water splitting. Hematite has emerged as a good candidate due to its favorable optical band gap (2.1-2.2 eV), extraordinary chemical stability in oxidative environment, abundance, and low cost. [3] [4] [5] [6] [7] [8] [9] The theoretical solar-to-hydrogen efficiency for a semiconductor material with this band gap can be 16.8% and a total 12.6 mA/cm 2 of water splitting photocurrent, as has been predicted for hematite. 4 However, the practical performance of hematite for solar water splitting has been limited by several factors such as poor conductivity, short lifetime of the excited-state carrier (10 À12 s), poor oxygen evolution reaction (OER) kinetics, short hole diffusion length (2-4 nm), and improper band positions for unassisted water splitting. [5] [6] [7] [8] [9] Typically, the performance of hematite can be described by the photocurrent curve in which the two most important metrics are the plateau current and the onset potential. [8] [9] [10] For the ideal case, the onset potential is about þ0.4 V versus reversible hydrogen electrode (RHE) and the plateau current reaches 12.6 mA/cm 2 (under AM1.5 G 100 mW/cm 2 simulated sunlight conditions), which corresponds to an incident photon to current efficiency (IPCE) of unity. 4, 9 However, the performance of hematite as a water-oxidizing photoanode is still far from the ideal values due to the above limitations. Enormous efforts have been focused on improving the performance of hematite photoelectrode. [3] [4] [5] [6] [7] [8] [9] [11] [12] [13] [14] [15] The development of favorable hematite nanostructures and the modification of their electronic structure by elemental doping have been suggested to be effective methods. The morphology control of various hematite nanostructures can effectively reduce the feature size and increase the relative volume of the space-charge layer with respect to that of the bulk, thereby reducing exciton recombination and increasing the plateau current. 6,9,11 A significant increase in water oxidation photocurrent has been observed in a recent report by decoupling the feature size and functionality of hematite nanostructures. 11 Recently, a water splitting photocurrent of over 3 mA/cm 2 at 1.23 V versus RHE and a plateau photocurrent of 3.75 mA/cm 2 have been achieved by a cauliflower-type hematite nanostructure with IrO 2 catalyst. 9 It is a significant advance in the performance of hematite indicating the effective way of the continued parallel optimization of both the nanostructure and the catalysis for realizing the full potential of solar water splitting. Elemental doping has also been shown to play important roles in improving the performance of hematite. 6, 15, 16 Si-doped hematite nanocrystalline film has been reported to show higher photocurrent density than that of undoped hematite. 16 Sn-doped hematite nanostructure has also been reported to improve the photoactivity due to increase of electrical conductivity and surface area. 6 The Tidoped hematite prepared by a deposition-annealing method can enhance the photocurrent at a relatively low bias by improved donor density and reduced electron-hole recombination at the time scale beyond a few picoseconds, 15 with a a)
Authors to whom correspondence should be addressed. C for 2 h. For PEC measurements, samples were annealed at various temperatures in a range of 550-750 C for additional 10 min. Ti-doped hematite nanostructures were prepared by the same procedure except for adding 0.5 ml titanium carbonitride (TiCN, Sigma-AldrichCo.) aqueous solution (10 mg/ml) as the titanium precursor. The synthesized sample was washed with deionized water to remove the black powder (TiCN) before sintering in air.
Structural characterization
The scanning electron microscope (SEM) images of Tidoped hematite thin films were collected with scanning electron microscope (FEI Quanta 200 F). X-ray diffractometer (Shimadzu XRD-6000) and x-ray photoelectron spectrometer (Kratos AXIS UltraDLD) were used for structure characterization. X-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) data were collected on beamline 14 W at the Shanghai Synchrotron Radiation Facility.
PEC measurements
Hematite nanostructures were fashioned into photoanodes by securing a copper wire using conductive silver epoxy onto a bare portion of FTO substrate. Afterward, the substrate was covered by non-conductive hysol epoxy except for a working area of 0.1-0.2 cm 2 . All PEC measurements were carried out using CHI 660Delectrochemical workstation in a three-electrode electrochemical cell with a Pt wire as a counter electrode and an Ag/AgCl electrode as a reference. The electrolyte was an aqueous solution of NaOH with a pH of 13.6, bubbled with N 2 for 20 min before measurement. The measured voltage was converted into the potential vs. RHE. In a typical experiment, the potential was swept from 0.7 V to 1.8 V vs. RHE at a scan rate of 50 mV/s. Xenon high brightness cold light sources (XD-300) coupled with a filter (AM 1.5G) were used as the white light source and the light power density of 100 mW/cm 2 (spectrally corrected) was measured with a power meter (Newport, 842-PE). IPCE were measured using a xenon lamp (CEL-HXF300/CEL-HXBF300, 300W) coupled with a monochromator (Omnik3005). 
RESULTS AND DISCUSSION
Hematite nanostructures were synthesized on a fluorinedoped SnO 2 (FTO) glass substrate using a hydrothermal method, followed by high-temperature sintering in air. SEM images for undoped and Ti-doped hematite nanostructures sintered at 750 C are shown in Fig. 1 . Undoped hematite nanostructures in Figs. 1(a) and 1(c) show a uniform morphology like short nanorods network covering on the FTO substrate. However, Ti-doped hematites in Figs. 1(b) and 1(d) show new urchin-like nanostrucutres consisting of longer nanowires which stand on the short nanorods network film on the FTO substrate. The urchin-like nanostructures have more surface area and smaller feature size, which may increase the effective interface of hematite and water favorable for the performance of water splitting. Elemental analysis by SEM reveals that the urchin-like nanostructures also show a Ti content of 3.62 wt. % confirming Ti doping, while the region for the background nanorods in the same sample shows similar compositions as that in undoped hematite and no Ti signal. The combination of Ti-doped urchin-like structures and undoped background nanorods may help for the performance of solar water splitting.
X-ray diffraction (XRD) data for undoped and Ti-doped nanostructures sintered at 750 C are shown in Fig. 2 , which can be indexed to the characteristic peaks of typical hematite (JCPDS 33-0664) after subtracting the SnO 2 peaks from the FTO substrate. These data confirm the successful preparation of the hematite phase. Dominant (110) diffraction peak for undoped hematite has been observed indicating the highly oriented growth in the [110] direction on the substrate. For Ti-doped hematite, the intensity for (110) peak is still strong, but other diffraction peaks such as (104) also increase a lot, suggesting less oriented growth of the urchin-like hematite. An increased peak width (about 20%) of the (110) peak for Ti-doped hematite also suggests decreased feature size.
Photoelectrochemical measurements were performed in 1 M NaOH electrolyte (pH ¼ 13.6) using a three-electrode electrochemical cell with hematite nanostructures on FTO as the working electrode, a platinum coil as the counter electrode, and a reference of Ag/AgCl. The photocurrent density-applied potential (J-V) scans for undoped and Tidoped hematite nanostructures were measured with the AM 1.5G simulated solar light at 100 mW/cm 2 , and the results are shown in Fig. 3(a) . The undoped hematite (sintered at 750 C) yields a relatively low photocurrent density of 0.87 mA/cm 2 at 1.23 V vs. RHE and a plateau current density of 1.48 mA/ cm 2 (at 1.7 V vs. RHE). For Ti-doped hematite nanostructures, the photocurrent density at 1.23 V vs. RHE drastically increases to 1.91 mA/cm 2 . Moreover, the Ti-doped sample reaches a plateau current density of 3.76 mA/cm 2 (at 1.74 V vs. RHE, the photocurrent after subtraction of the dark current), which is more than 2.5 times higher than that of undoped sample sintered at the same temperature. It is a remarkable enhancement of the photocurrent value for hematite.
The performance of hematite can be described by the photocurrent curve, in which the plateau current and the onset potential have been considered to be the two most important metrics. 9 It has recently been reported that a cauliflower-type hematite nanostructure with iridium oxide catalyst showed a remarkable photocurrent density of over 3 mA/cm 2 at 1.23 V versus RHE and a plateau photocurrent density of 3.75 mA/cm 2 . 9 By the introduction of TiSi 2 nanonets which improve the charge transport, a high external quantum efficiency of 46% at a wavelength of 400 nm has been reported with a plateau current density less than 3 mA/ cm 2 . 14 Doping with Sn significantly improved the photocurrent of hematite nanostructure but the reported maximum current density was less than 3.3 mA/cm 2 . 6 Ti doping in hematite nanostructures has also been introduced recently in a new deposition-annealing process, which achieved a lower onset potential and an enhanced photocurrent density of 1.83 mA/cm 2 at a relatively low bias of 1.02 V vs. RHE. 15 However, the reported Ti-doped hematite showed a plateau photocurrent density less than 3.5 mA/cm 2 . A plateau photocurrent density of 3.76 mA/cm 2 is a high plateau photocurrent value compared to the literature. Here by adding TiCN as the Ti precursor in a hydrothermal method, the Ti doping in hematite can be easily achieved and new hematite nanostructures with an urchin-like morphology have been observed, which shows a high plateau photocurrent density of 3.76 mA/cm 2 . Although the high plateau photocurrent of 3.76 mA/cm 2 appears at a relatively high potential of 1.75 V vs. RHE, it might be addressed by coupling with efficient oxygen evolving catalyst or combining the Ti-doped urchin-like nanostructures to modified hematite background with low onset bias. 6, 9, 14 The urchin-like hematite nanostructures with Ti doping show a positive shift of the photocurrent onset potential from 0.7 to 0.9 V vs. RHE compared to the undoped sample, which can be attributed to increased surface area. The enhanced plateau photocurrent can be attributed to both Ti doping and the new urchin-like nanostructures. As reported in literature, 15 Ti doping may improve the donor density and reduce the electron-hole recombination at the time scale beyond a few picoseconds. The modified nanostructures with small feature size and increased surface area have also been reported to enhance the water splitting performance of hematite by increasing the relative volume of the space-charge layer and reducing the diffusion length. 6, 9, 11 The urchin-like hematite nanostructures have small feature size and large surface area compared to the undoped nanostructure, suggesting a favorable morphology for solar water splitting.
The J-V curves for Ti-doped hematite nanostructures sintered at different temperatures have been shown in Fig. 4 and the photocurrent density drastically increases with sintering temperature, with an onset temperature of 650 C. While for undoped hematite, the onset temperature is about 700 C. A sudden drop of photocurrent for Ti-doped hematite sintered at 800 C has been found (data not shown), which can be attributed to the increased resistivity of FTO substrate at high temperature. 6 The improved photocurrent by increased sintering temperature can be attributed to different factors such as a reduced defect density, improved contact at the interface of hematite and the substrate and/or the enhanced photoactivity by Sn diffusion from FTO substrate. 6, 12 IPCEs for undoped and Ti-doped hematite nanostructures were measured at 1.53 V vs. RHE as a function of incident light wavelength and the data are plotted in Fig. 3(b) . Ti-doped hematite nanostructures show enhanced IPCE values compared to the undoped sample at all measured wavelengths, which are consistent with the J-V curves. The highest IPCE measured for Ti-doped sample is about 60% (at a wavelength of 350 nm). The IPCE for both samples are especially low in the long-wavelength range because the quantum yield for converting photons with energies close to the hematite band edge is low.
14 The observed high efficiency for Ti-doped sample can be attributed to reduced electron-hole recombination with an urchin-like morphology and improved donor density by Ti doping.
To elucidate the effect of Ti doping in the hematite, x-ray photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS) were employed to investigate the electronic structure evolution of the hematite by Ti doping. For Ti-doped sample, Ti 2 p signal can be clearly observed in the survey scan of XPS shown in Fig. 5(a) , indicating the presence of Ti, while no Ti signal is found for undoped sample. Fe and O signals are strong for both undoped and Ti-doped hematite samples. Additional C and Sn signals can also be observed for both samples. The C signal can be attributed to the adsorbed carbon contaminations in sample preparation process (in air), 15 while the Sn signal comes from the FTO layer. The Ti 2 p detailed spectrum of Ti-doped sample is shown in Fig. 5(b) , with a comparison to those of TiO 2 and TiCN. The Ti 2p 3/2 binding energy of 458.3 eV indicates that the Ti atoms in Tidoped sample are not in a metallic state (for typical Ti metal the peak position is 454.2 eV) or a state for TiCN (455.2 eV), while similar to an oxidized state like TiO 2 (459.0 eV). 15, 17 However, a binding energy difference (about 0.7 eV) between Ti-doped sample and TiO 2 can be observed, suggesting a different atomic environment from that in TiO 2 , where Ti atoms should locate in the crystal structure of hematite. In Fig. 5(c) , we also show the O 1s XPS spectra for undoped and Ti-doped samples. The binding energies of the main lines for undoped hematite (529.9 eV) and Ti-doped hematite (530.2 eV) are similar to that for hematite in literature. 15 Ti doping in hematite has been further investigated by XAS. XAS is an element-specific spectroscopic technique involving the excitation of electrons from a core level to the empty states, and is particularly powerful to get structural information of different species. In the near edge region (from just below the edge to $50 eV above the threshold), it is often referred to as XANES, to be distinguished from EXAFS in the extended region (50 eV up to as much as 1000 eV above the threshold). XANES and EXAFS data at Fe K-edge for undoped and Ti-doped hematite nanostructures have been collected on beamline 14 W at the Shanghai Synchrotron Radiation Facility. The XANES data are shown in Fig. 6(a) and the Fourier transform of the EXAFS data in R space is shown in Fig. 6(b) . The XANES data for both samples show a typical hematite structure. 18, 19 However, a small decrease of the white line peak for Ti-doped sample can be observed compared to that for undoped sample. The decreased intensity of the white line peak indicates a decrease of the unoccupied states of Fe atoms in hematite, which confirms the increased donor density of hematite by Ti doping. Further evidence for Ti doping can be found in Fig. 6(b) . The peak around 1.5 Å can be attributed to Fe-O bonds while the peak around 3 Å to Fe-Fe bonds. 18, 19 An obvious decrease of the Fe-O bonds can be observed for Ti-doped hematite, indicating a decreased amount of Fe-O bonds as a result of the substitution by Ti-O bonds. The XAS data (XANES and EXAFS) strongly confirm that the electronic structure of the urchin-like hematite has been modified by Ti doping with increased donor density, which could be responsible for the enhanced plateau photocurrent.
SUMMARY
We presented the preparation of Ti-doped hematite nanostructures with an urchin-like morphology, which enhanced the plateau photocurrent to a remarkable value of 3.76 mA/cm 2 . The highest IPCE data measured for Ti-doped sample is about 60% (at a wavelength of 350 nm), which is comparable to the high values in existing reports. The high plateau photocurrent density and IPCE can be attributed to both the favorable urchin-like morphology and the Ti doping, which increase the effective surface area, reduce the electron-hole recombination, and increase the donor density in hematite. XPS and XAS have been used to clarify the Ti doping effect in hematite nanostructures. Future studies will be focused on improving the onset potential with different catalysts.
